A few examples of exclusive processes at high energy are discussed. Several mechanisms are presented. The differential distributions are shown. The possibilities to measure the processes are discussed.
Introduction
Up to now the investigations at high energies were concentrated on inclusive processes, i.e. processes (measurements) when only one object of many produced simultaneously is recorded. Naively, these processes seem to be difficult but can be well described within the standard parton model. The exclusive processes seems naively easier, but in reality require detailed knowledge of the QCD dynamics, which is not required in the inclusive case.
The exclusive production was studied in detail mostly close to the kinematical thresholds. The Tevatron opened a possibility to study the central (semi)exclusive production of mesons (elementary objects) at high energies. A similar program will be carried out in the future at the LHC. Here I review a few examples of exclusive production I have studied recently with my collaborators (for details see Refs. [1, 2, 3, 4, 5, 6, 7, 8] ).
For exclusive production of a single object (Higgs or meson), the mechanism of the reaction depends on the quantum numbers of the object and/or its internal structure. For heavy scalar mesons (scalar quarkonia, scalar glueballs) the mechanism of the production, shown in Fig.1 , is the same as for the diffractive Higgs boson production extensively discussed in recent years [10] . The dominant mechanism for the exclusive heavy vector meson production is quite different. Here the dominant processes are shown in Fig.2 . These processes were discussed by A. Cisek during this conference [9] .
When going to lower energies the mechanism of the meson production becoming more complicated and the number of mechanisms increases. For example, in Fig.3 I show the mechanism of the glueball candidate f 0 (1500) production which plays dominant role at low energies [6] .
Different examples
2.1. Exclusive production of χ c mesons The amplitude of the exclusive double diffractive color singlet production pp → ppχ cJ can be written as [10] :
Figure 2. Two basic QED ⊗ QCD mechanisms of exclusive heavy vector meson production. Figure 3 . A sketch of the bare QCD mechanism of exclusive heavy scalar f 0 (1500) meson production.
The amplitude is averaged over the color indices and over the two transverse polarizations of the incoming gluons [10] . In calculating the vertex V c1c2 J
we have included off-shellness of gluons [3] . The unintegrated gluon distributions were taken from the literature. We have shown in Ref. [3] that for relatively light χ c (0), unlike for the Higgs boson [10] , the dominant contributions come from the nonperturbative regions of rather small gluon transverse momenta.
In Ref. [3] we have made a detailed presentation of differential distributions. Here I show only distribution in rapidity of χ c (0 + ) (see Fig.4 ). Although all UGDFs give a similar quality description of the low-x HERA data for the F 2 structure function, they give quite different rapidity distributions of χ c (0 + ). The UGDFs which take into account saturation effects (GBW, KL) give much lower cross section than the BFKL UGDF (dash-dotted line). Therefore the process considered here would help, at least in principle, to constrain rather poorly known UGDFs.
There is interesting theoretical aspect of the double diffractive production of the χ c (1 + ) meson. The coupling ggχ c (1 ++ ) vanishes for onshell gluons (so-called Landau-Yang theorem). According to the original Landau-Yang theorem [11] the symmetries under space rotation and inversion forbid the decay of the spin-1 particle into two (on-shell) spin-1 particles (two photons, two gluons). The same is true for the fusion of two on-shell gluons. The symmetry arguments cannot be strictly applied for off-shell gluons.
In Ref. [4] we have shown explicitly that the Landau-Yang theorem is violated by virtual effects in diffractive production of χ c (1 + ) leading to important consequences. In our approach the off-shell effects are treated explicitly. The measurement of the cross section can be therefore a good test of the off-shell effects and consequently UGDFs used in the calculation.
In Fig The cross section for the axial-vector χ c (1 + ) production is much smaller (about two orders of magnitude) than the cross section for the scalar χ c (0 + ) production. This smallness can be understood in the context of Landau-Yang theorem, which "causes" vanishing of the cross section for on-shell gluons.
The χ c mesons are usually measured through the observation of the γ+J/Ψ decay channel. The axial-vector χ c (1 + ) meson has a large branching fraction for radiative decay χ c (1 [12] ). This is significantly bigger than for the scalar χ c (0 + ) where it is only about 1 % [12] . Therefore the discussed off-shell efects are very important to understand the situation in the γ + J/Ψ channel observed experimentally. Full analysis requires inclusion of the χ c (2 + ) meson where the branching ratio is also relatively high.
Exclusive production of the gluball
candidate f 0 (1500) In Ref. [6] we have discussed exclusive production of scalar f 0 (1500) in the following reactions:
While the first process could be measured at the J-PARC complex being completed recently or by the COMPASS collaboration, the latter two reactions could be measured by the PANDA Collaboration at the new complex FAIR planned in GSI Darmstadt. The combination of these processes could provide more information on the mechanism of f 0 (1500) production and hopefully some information on its nature. In Ref. [6] we have proposed a new mechanism (see Fig.3 ) which becomes dominant at lower energies. In Fig.5 we show the integrated cross section for the exclusive f 0 (1500) elastic production pp → pf 0 (1500)p and for double-charge-exchange reaction pp → nf 0 (1500)n. The thick solid line represents the pion-pion component calculated with monopole vertex form factors with Λ = 0.8 GeV (lower) and Λ = 1.2 GeV (upper). The difference between the lower and upper curves represents uncertainties on the pion-pion component. The pion-pion contribution grows quickly Figure 5 . The integrated cross section as a function of the center of mass energy for pp → ppf 0 (1500) (upper panel) and pp → nnf 0 (1500) (lower panel) reactions. The thick solid lines are for pion-pion MEC contribution (Λ = 0.8, 1.2 GeV), the dashed line is for QCD diffractive contribution obtained with the Kharzeev-Levin UGDF, the dotted line for the KMR approach and the thin solid lines (blue on-line) are for "mixed" UGDF (KL ⊗ Gaussian) with σ 0 = 0.5, 1 GeV. The dash-dotted line represents the twogluon impact factor result [6] . from the threshold, takes maximum at W ≈ 6-7 GeV and then slowly drops with increasing energy. The gluonic contribution calculated with unintegrated gluon distributions drops with decreasing energy towards the kinematical threshold and seems to be about order of magnitude smaller than the pion-pion component at W = 10 GeV. We show the result with Kharzeev-Levin UGDF (dashed line) which includes gluon saturation effects relevant for small-x, Khoze-MartinRyskin UGDF (dotted line) used for the exclusive production of the Higgs boson and the result with the "mixed prescription" (KL ⊗ Gaussian) [6] for different values of the σ 0 parameter: 0.5 GeV (upper thin solid line), 1.0 GeV (lower thin solid line). In the latter case results strongly depend on the value of the smearing parameter.
Exclusive production of the π
+ π − pairs Up to now I have discussed only exclusive production of a single meson. Also the channels with meson pairs seem interesting. In particular, the channel with two charged pions which seems feasible experimentally.
The underlying mechanism was proposed long ago in Ref. [13] . The general situation is sketched in Fig.6 . The corresponding amplitude for the pp → ppπ + π − process (with four-momenta p a + p b → p 1 + p 2 + p 3 + p 4 ) can be written as
where M ik denotes "interaction" between nucleon i=1 (forward nucleon) or i=2 (backward nucleon) and one of the two pions k = π + (3), π − (4). In the Regge phenomenology they can be written as a sums of two components:
The first terms describe the subleading reggeon exchanges while the second terms describe exchange of the leading (pomeron) trajectory. The strength parameters of the πN interaction are 2-column format camera-ready paper in L A T E X Figure 6 . A sketch of the dominant mechanisms of exclusive production of the π + π − pairs at high energies.
taken from Ref. [14] . We choose post representation of the phenomenological exchange interaction, i.e. interaction for energy in the corresponding final state subsystem. Above s ik = W 2 ik , where W ik is the center-of-mass energy in the (i,k) subsystem. More details of the calculation will be presented elsewhere [7] . The 2 → 4 amplitude (5) is used to calculate the corresponding cross section including limitations of the four-body phasespace. Here I show only one example of the twodimensional distribution in rapidity of positively charged pion and rapidity of negatively charged pion at the LHC energy of W = 14 TeV. The distribution differs considerably from the uniform population of the phase space. One can see a two-dimensional shape of the ridge form elongated along the line y 3 = y 4 . The minimum of the cross section on the top of the ridge occurs when y 3 = y 4 = 0 and two maxima close to the phase space ends. The minimum occurs in the part of the phase space where the pomeronpomeron contribution dominates, i.e. when both W ik are comparable and large. The maxima are related to the dominance of the pomeron-reggeon and reggeon-pomeron mechanisms, i.e. where one of W ik is small and the second one is large. The reggeon-reggeon contribution is completely negligible which is due to the fact that both W ik cannot be small simultaneously. The ALICE collaboration at the LHC should be able to measure such distributions. Let us consider the process AA → AAρ 0 ρ 0 depicted in Fig.8 . The cross section takes the familiar form of a convolution of equivalent photon fluxes and γγ-cross sections. Often flux factors of equivalent, almost on-shell, photons are calculated as for point-like particles with rescaled charge e → Ze, and the total cross section is calulated using a simple parton-model type formula:
The formulae (6) clearly does not take into account absorption effects when initial nuclei undergo nuclear breakup. This can be done in the impact parameter space where the geometry of the collision is explicit. Then rather twodimensional flux factors [19] must be used. The simple EPA formula can be generalized to
Here the extra θ function excludes those cases when nuclear collisions, leading to nuclear disintegration, take place (R 12 = R 1 + R 2 ). The twodimensional fluxes in (8) are calculated in terms of the charge form factor of nucleus [20] as:
where the auxiliary function Φ reads:
. (10) The second ingredient of our approach is the γγ → ρ 0 ρ 0 cross section. Here the situation is not well established. The cross section for this process was measured up to W γγ = 4 GeV [21] . At low energy one observes a huge increase of the cross section.
In Fig.9 we have collected the world data (see [21] and references therein). We use rather directly experimental data in order to evaluate the cross section in nucleus-nucleus collisions. Fig.9 shows our fit to the world data.
The cross section above W = 4 GeV was never measured in the past. It is well known that the cross section for γγ → hadrons can be well described in the VDM-Regge type model. We use a similar approach for the final state channel ρ 0 ρ 0 . In Fig.9 I present the corresponding t-integrated cross section together with existing experimental data taken from [21] . The vanishing of the VDM-Regge cross section at W γγ = 2m ρ 2-column format camera-ready paper in L A T E X Figure 9 . The elementary cross section for the γγ → ρ 0 ρ 0 reaction. We display the collection of the e + e − experimental data [21] and our fit. We show also our predictions based on the VDM-Regge model decribed in [8] . For comparison we show also result when the form factor correcting for off-shell effect is ignored (see [8] ).
is due to t min , t max limitations. It is obvious from Fig.9 that the VDM-Regge model cannot explain the huge close-to-threshold enhancement.
In Fig.10 we show distribution of the cross section for the nucleus-nucleus scattering in photonphoton center-of-mass energy for both low-energy component and high-energy VDM-Regge component. Below W = 2 GeV the low-energy component dominates. The situation reverses above W = 2 GeV. One could study the high-energy component by imposing an extra cut on M ρρ . However, the cross section drops quickly with increasing invariant mass of the ρρ pair. distributions for the low-and high-energy components are shown separately. I also show distributions for "point-like" charge, monopole form factor and realistic charge density (see [8] ). One can see slightly different results for different approaches how to calculate flux factors of equivalent photons.
Finally in Fig.12 I show distribution in rapidity of the ρ 0 ρ 0 pair. Compared to the monopole form factor (usually used in the literature), the distribution obtained with realistic charge density is concentrated at midrapidities, and configurations when both ρ 0 's are in very forward or both ρ 0 's are in very backward directions are strongly damped. A similar effect can be expected for the AA → AAµ + µ − reaction and could be studied by the CMS and ALICE collaborations. GeV. The meaning of the curves is the same as in Fig.10 
